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1. Introduction
In LTE-A, among many other advanced features introduced to enhance sector and cell edge throughput, MU-MIMO is considered promising. This is partially due to the introduction of dedicated DM-RS, which would make many MU-MIMO related operations, such as power scaling and precoding vector selection transparent to the UE while PMI signaling can be omitted. On the other side, this relaxes the restriction on eNB implementation and could allow more freedom for it to pair UE’s in MU-MIMO mode and select more appropriate precoding vectors, and hence, improve the performance of MU-MIMO in LTE-A. Such performance improvement has been seen in recent ITU-R submission. 
At RAN1 58bis meeting in Miyazaki, Japan, many contributions related to MU-MIMO have been discussed. These contributions covered large aspects of MU-MIMO transmission from control signaling, transmission at eNB and feedback from UE. As listed by the chairman and provided below some of the observations as follows [1] and which provide for further discussion along these lines:

Observations:

Some key aspects to progress:

· Dynamic vs. non-dynamic SU-MU switching

· Transparent vs. non-transparent MU-MIMO

· If non-transparent, what DL signalling is to be provided to the UE

· antenna port indications

· other…

· Feedback (CSI) enhancement for MU-MIMO

· enhancements to feedback codebooks

· other…

· Number of layers per MU-MIMO UE

· 1, 2, …

· Number of supported co-scheduled MU-MIMO UEs

· 4, 8, unspecified…

In this paper, some of those general aspects were discussed and our views along these aspects are expressed. In addition, some preliminary simulation results are included to show some comparisons between a number of proposed MU-MIMO schemes. 
2. Design aspects about MU-MIMO in LTE-A
In this section, some of the aspects regarding MU-MIMO in LTE-A were discussed and some of our views are expressed. The main motivation is to design a robust MU-MIMO scheme in LTE-A with improved performance and yet with reasonable overhead and complexity increase especially at UE side. 
2.1. Dynamic vs. non-dynamic SU-MU switching

One of the aspects of MU-MIMO design which dominates the previous discussion is dynamic vs. non dynamic SU-MU switching. This is in contrast with current Rel-8 design, where switching between SU-MIMO and MU-MIMO is semi-statically accomplished through high layer signaling. The benefit of introducing dynamic switching between SU-MU MIMO is to exploit the dynamic variation of channels and therefore, maximize the improved performance of such combined scheme. Dynamic switching allows more flexibility in the scheduler since it may not always find suitable UE pairs (based on both channel condition as well as actual traffic pattern or loading) and also for the case of HARQ retransmission where pairing of UEs may not be adequate. However, some aspects need to be carefully considered to support such dynamic switching. 
· DCI formats

In Rel-8, SU-MIMO and MU-MIMO are separate transmission modes which are configured by high-level. Each mode supports different DCI formats with different length. If dynamic switching between them needs to be supported, either a unified DCI should be adopted for this, or a UE needs to do more blind decoding for different DCI for SU-MIMO and MU-MIMO transmission, which is certainly undesirable. Due to the introduction of dedicated RS (DRS) as demodulation RS (DM-RS) in LTE-A, the difference between control signaling in supporting SU-MIMO and MU-MIMO are getting smaller. For example, the power scaling in Rel-8 MU-MIMO may not need to be signalled in Rel-10 anymore as DRS already carries such information. However, other information in Rel-10 may need to be signalled explicitly, especially for its MU-MIMO transmission. For example, as DM-RS ports for each layer are orthogonal to each other, the DM-RS ports may need to be signalled to the UE such that it could use the right DM-RS ports to decode its data. That is especially true for MU-MIMO transmission, when the number of UEs in multiple-user transmission and the number of layers assigned to each UE in each transmission could have many combinations and could vary from transmission to transmission, or even from sub-frame to sub-frame. In addition, the total transmission layer (rank) may need to be signalled as well, given that the DM-RS pattern for each layer may not be independent to the total transmission rank, but rather varies depending on the total transmission rank. For example, the DM-RS port for layer #1 in the situation when there is total of 4 layers in the transmission could be different from the DM-RS port for layer #1 when there is total of 8 layers in the transmission. In addition, the information regarding the transmission rank may help the UE in performing inter-UE interference suppression at the receiver. All these factors could make the design of a unified DCI format a bit complicated. However, it is believed that it is worth the effort to design a unified DCI format to support both SU-MIMO and MU-MIMO. As that could allow the support of dynamic switching between SU-MU MIMO without adding extra complexity at UE side for more blind decodings. 
· UE feedback

From UE feedback perspective, if dynamic switching is supported between SU-MU MIMO, it is more desirable for the UE to use the consistent feedback format for PMI or other types of CSI feedback, and CQI. However, it should be noted that it does not necessarily mean that the way the UE generates such feedbacks should be the same. For example, for the CQI feedback from the UE, even though the UE may feedback the same amount of CQI information, but the way the CQI is calculated may be different. For example in some sub-frames, the UE could calculate CQI assuming SU-MIMO if it is either signaled or it detects that it is SU-MIMO transmission. In other sub-frames, if a UE is signaled or it detects that it is MU-MIMO transmission, it could calculate the CQI based on MU-MIMO assumption, such as taking other paired UEs in MU-MIMO transmission as interferences if the UE has the capability of detecting the interference pretty precisely. Such detection could be achieved for example by checking the signal strength of DM-RS on the rest DM-RS ports not assigned to this UE. Allowing UE to calculate CQI based on SU-MIMO and MU-MIMO could provide more accurate CQI estimation, as eNB may not have sufficient information and knowledge of UE receiver types to provide accurate projection on CQI if UE only allows to feedback CQI based on SU-MIMO.  
2.2. Transparent vs. non-transparent MU-MIMO

The other aspect which attracts more discussion is whether MU-MIMO should be transparent to the UE or not in LTE-A. It is believed the motivation of this discussion is to minimize the change at the UE side during SU-MU MIMO switching, and to expect the UE to behave almost the same in MU-MIMO as in SU-MIMO. That could include the decoding of DCI, calculating feedback such as CQI, PMI and rank etc., and further conducting advanced interference estimation and suppression at the UE side when receiving MU-MIMO transmission. 
· Decoding DCI formats

As discussed earlier, if a unified DCI format could be designed to support both SU-MIMO and MU-MIMO transmission, the UE does not have to do additional blind decoding in order to support SU-MU MIMO dynamic switching. However, that does not necessarily imply that SU-MU MIMO transmission needs to be transparent to the UE. There are several reasons for that: First, a unified DCI doesn’t necessarily mean that it doesn’t convey any message which could be used by the UE to infer it is in a SU-MIMO or MU-MIMO mode. For example, as mentioned before, explicitly signaling DRS ports may not be enough if the patterns of same DM-RS port (DM-RS port corresponding to the same transmission layer) could vary depending on the total transmission ranks. In that case, the total transmission rank may need to be conveyed to the UE as well. UE then could infer from the fact that total transmission rank is larger than the number of layers assigned to itself that it is in MU-MIMO transmission. Second, informing the UE that it is in a MU-MIMO transmission may provide additional benefits to the overall MU-MIMO transmission. This is because with orthogonal DM-RS used for each layer, it could be relatively easier for the UE to obtain a more accurate channel estimation on interfering UEs it is paired within a MU-MIMO transmission, which could allow more advanced interference suppression techniques to be used at UE side. That is on top of MU-MIMO interference suppression or nulling done at eNB side.  
· UE feedback

The transparency of MU-MIMO to the UE could have direct impact on the UE in terms of feedback calculation. If MU-MIMO is transparent to the UE, then it could imply that the UE should not consider any interference from paired UE’s in MU-MIMO transmission, and therefore, simply calculate CQI based on SU-MIMO assumption. At the eNB side, it will then adjust CQI based on its decision whether to schedule SU-MIMO and MU-MIMO. This approach would certainly introduce minimum change to the UE, however, its impact to the performance of MU-MIMO needs to be further studied. This is because even though the eNB could project the CQI based on the SU-MIMO CQI feedback from the UE, the accuracy of such projection is in doubt as the eNB may lack of, for example, accurate channel information and UE receiver type information when it derives the projected CQI. On the other hand, having the UE, especially some high end UE, being aware of MU-MIMO transmission without adding too much complexity, will give the UE more freedom to estimate the interference, conduct interference suppression and calculate CQI assuming the existence of the interference. 
2.3. Feedback (CSI) enhancement for MU-MIMO

At this stage, two main feedback schemes are under discussion to support MU-MIMO. One is based on the current Rel-8 PMI feedback or possible PMI feedback based on enhanced codebook taking into consideration of receiver implementation.This is also called the implicit feedback.The other feedback scheme is to feedback more explicit channel state information such as channel covariance matrix or dominant eigenvector/eigenvalue of the average channel matrix. Implicit feedback based on PMI could certainly bring less impact to the overhead and to the UE complexity. On the other side, explicit feedback would certainly increase feedback overhead, and in exchange, it could enhance the performance of MU-MIMO further. Our view is that the performance of these schemes should be carefully compared and if it is hard to select one scheme over the other at study phase it could be more straightforward to assume Rel-8 PMI feedback as the baseline and further evaluate the explicit feedback in working stage. This is because that as Rel-10 UE needs to backward compatible in a Rel-8 network, such feedback should already be supported by the UE. 
2.4. Number of layers per MU-MIMO UE

In a 8x8 downlink system, in theory the number of layers per MU-MIMO UE could be up to 7 if orthogonal DM-RS are assumed for each transmitted layers. If considering more reasonable scenario that two UEs paired together could be in pretty much similar geometry and channel condition, then 4 layers per UE could be a reasonable assumption. On the other side, this number could also depend on the number of UEs paired together in MU-MIMO transmission and complexity in signaling design. As the number of layers per UE and total layers transmitted in MU-MIMO could also impact the capability of UE to use a more advanced receiver such interference rejection operation, that should also be taken into account in making the decision.
2.5. Number of supported co-scheduled MU-MIMO UEs

Again in a 8x8 downlink system, if DM-RS on all transmitted layers are assumed to be orthogonal, theoretically up to 8 UEs could be scheduled together in MU-MIMO transmission, each with one layer. However, in the real world, such pairing may rarely happen. On the other hand, the number of supported UE could also be considered in conjunction with the number of layers per UE.  

3. Simulation comparison of different MU-MIMO schemes
Some preliminary link simulation results are provided in this section to evaluate a number of  MU-MIMO schemes, which have been under discussion recently. The simulation assumptions are summarized in the following table.

	Parameter
	Value

	Channel Model
	SCM Urban-Macro @ 3kmph

	System Bandwidth
	10 MHz

	Assigned RBs
	5 (narrow band)  or 50 (wide band)

	Antenna Configuration
	4x2, ULA, 0.5 lambda

	UE Pairing
	Based on feedback PMI or covariance matrix.

	Link adaptation
	Based on reported MU-MIMO CQI from each UE to select MCS. 

	Feedback
	Covariance Matrix: on full system bandwidth, no quantization;

PMI: on assigned bandwidth
CQI: on assigned bandwidth

	PMI codebook
	Rel-8 DL codebook

	Number of UE and layers
	Two UE, each with one layer

	Receiver at the UE
	MMSE-IRC or MRC (without IRC)


Two major MU-MIMO schemes are compared, one is based on current Rel-8 PMI feedback using regularized zero forcing precoding (‘PMI RZBF in the figures) as described in detail in [3] and the other is based on channel covariance feedback (‘COVM SLNR’) as described in detail in [2]. Figure 1 shows MU-MIMO UE average spectrum efficiency in narrow band case. Figure 2 shows the spectrum efficiency in wide band case. In narrow band comparison, another scheme denoted as PMI+ as described [4] is also simulated, in which case it is assumed that UE feedbacks two PMIs, one is its best PMI and the other is the companion PMI. Zero forcing precoding is also used in this case (‘PMI+ RZBF’ in the figures). From these two figures, several observations can be made:

1. The baseline UE receiver used for MU-MIMO technique comparisons should be discussed. For example, an MMSE receiver with IRC at the UE side clearly outperforms MRC receiver without IRC, and the difference between the 3 schemes is much smaller in the IRC case than the MRC case. 
2. When IRC is used in both narrow and wide band cases, covariance matrix feedback performs somewhat (about 10%) better than PMI-based feedback. However, the overhead of the different schemes should also be taken into consideration in the selection decision.

3. The performance of PMI + (with companion PMI) feedback scheme is in between PMI and covariance matrix feedback when an MRC receiver is used.
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Figure 1. narrow band MU-MIMO spectrum efficiency
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Figure 2. wide band MU-MIMO spectrum efficiency
4. Conclusion

In this paper, different aspects regarding MU-MIMO in single cell are discussed. It is believed that the decisions on such aspects should be based on the trade-off between performance enhancement and complexity. At this stage, our view on those aspects discussed could be summarized as follows
1. The baseline UE receiver used for MU-MIMO technique comparisons should be discussed, as the relative performance of different MU-MIMO schemes can vary with the receiver type. 
2. Dynamic support of SU-MIMO and MU-MIMO  is feasible and allows more flexibility in scheduling. It  could be achieved by designing a unified DCI format and using consistent UE feedback overhead.

3. The MU-MIMO may not need to be transparent to the UE, as UE awareness of MU-MIMO would allow it to support more advanced receivers for interference estimation, suppression and more accurate CQI estimation. 

4. The performance between different CSI feedbacks should be carefully evaluated. If no decision could be made, Rel-8 PMI feedback could be assumed as baseline in SI and final decision is made in WI

5.  For the number of layers per UE and the number of co-scheduled UEs, enough flexibility should be kept while taking typical application scenarios in mind.  

Some preliminary results are also shown to compare a number of MU-MIMO schemes. It is believed that both narrow band and wide band performance should be compared and the final selection on one of these schemes should be carefully made based on various factors such as performance, overhead and its trade-off.
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